An electron microscopic investigation was carried out on thin sections of both S and R variants of Brucella abortus, strain S A : no ultrastructural differences were noted between the two variants.
INTROIIUC'l'IOIS
The aim of the present investigation was to study the ultrastructure of Brucella abortus grown either on a lifeless medium or within monocytes maintained in vitro. To our knowledge no detailed study of this organism, employing present-day techniques of electron microscopy, has been published to date.
The first paper in this series deals with the morphology of S and R variants of BruceEEa abortus strain S A , grown on a lifeless medium. Our interest in comparing both variants stemmed from the notion that the mutational event occurring in B. abortus, which results in a change of genotype from S to non S (e.g. R or M), is associated with a variety of phenotypic changes. These include loss of or decrease in virulence, loss of the ability to multiply intracellularly (Braun, Pomales-Ldbron & Stinebring, 1958) , change in colonial morphology from smooth to non-smooth (e.g. rough or mucoid), change in surface properties resulting in agglutination, change from sensitivity to resistance to brucella phage (Stinebring & Braun, 1959) , and changes in antigenic composition. These alterations, and particularly the last four, suggested that morphological changes may occur in the surface structure of the bacteria. It seemed interesting therefore to investigate whether the above phenotypic changes would be reflected in ultrastructural differences detectable with the electron microscope.
wavy and less distinct than in the cells fixed with KMnO, in distilled water. The outer (65-70 A. thick) component of the cell wall consisted of two symmetrical, electron dense layers, each 15-20 A. thick, enclosing a 30 A. electron transparent space (Pl. 2, fig. 4 ). In the osmium fixed cells (Pl. 1, fig. 1 ; P1. 2, figs. 5, 7; P1. 3, figs. 15,18) the outer component was usually wavy and appeared somewhat thicker (about 20-40-20 a.) than in the permanganate fixed preparations. The inner component of the cell wall consisted of a relatively homogeneous layer lacking a clearly defined structure (e.g. P1. 1, fig. 1 ; P1. 2, figs. 2, 3). Its texture was always finer and more homogeneous than that of the cytoplasm. In the permanganatefixed preparations, its density was in some cases comparable to that of the cytoplasm; in the osmium-fixed cells it was always markedly lower in density, and never contained] the ribosome-like particles which were clearly visible in the cytoplasm.
This inner component usually varied in thickness between 100 and 200 A., but in some cases it was much thicker, on occasion occupying a considerable portion of the volume of the bacterium (Pl. 2, figs. 2, 3). Although some of the images might have resulted either from oblique sectioning of the cells or from technical artifacts, close inspection of the micrographs showed that this could not always be the case.
No structures outside the cell wall were visible in either R or S strains. In particular no capsular material could be detected in the S strains. In the colonies of the R variant, areas of contact between cells were often observed (Pl. 1, fig. 1 ; P1. 4, fig.  22 ). I n these regions the outlines of the apposed surfaces were straight and the outer layers of the two cell walls appeared in direct contact, without any intervening material between them. Some cells (PI. 1, fig. 1 ) showed areas of contact with more than one other cell; these areas were apparently distributed a t random on the cell surfaces. We have been unable so far to demonstrate such extensive areas of contact in S colonies.
Cytoplasmic membrane (Pl. 2, figs. 4, 5, 6). In both permanganate and osmiumfixed preparations the cytoplasmic membrane appeared smooth and regular and consisted of two electron dense layers, each 15-20 A. thick, enclosing a 30 A.
electron transparent space. The two dense layers were neither as clearly defined nor as deeply stained as the corresponding dense layers of the outer component of the cell wall. Moreover, in the osmium-fixed cells, the plasma membrane was often invisible, being replaced by a lighter space of comparable dimensions, which was sometimes limited by only faint traces of the electron dense layers (PI. 1, fig. 1 ).
The plasma membrane was always in direct contact with the cytoplasm of the cell, even in cells from which the outer cell wall component had become detached due to artifacts (Pl. 3, fig. 15 ).
Peripherd formations. These membranous structures referred to hereafter as peripheral formations were observed in many cells in contact with, or close to, the cytoplasmic membrane, and appeared as closed or open structures. When closed they were circular or elongated (Pl. 1, fig. 1 ; PI. 3, figs. 14, 16) and were separated from the plasma membrane (in sections where this was visible) by a distance never exceeding 0.1 p. The open structures (Pl. 3, figs. 8, 15, 17, 18) were semi-circular or horseshoe-shaped formations whose open ends usually terminated a t the level of the plasma membrane. Often the relation of these structures to the plasma membrane was not clearly defined, usually because this, unlike the formations themselves, was not sharply outlined. In a few cases the peripheral formations seemed to arise by invagination of the plasma membrane (e.g. P1. 3, fig. 9 ). I n most cases, however, the plasma membrane appeared continuous across the open ends of the formations (Pl. 3, figs. 8-13, 15, 18) which seemed directly applied to the inner layer of the membrane. The overall dimensions of these peripheral formations varied from 300 to 800 A. They were limited by a triple-layered membrane about 90 8.
thick made up of two 30 iq. electron dense layers enclosing an electron transparent region of the same thickness. I n some micrographs the dense layers had a granular appearance (Pl. 3, figs. 10, 12) . The material enclosed by this membrane appeared fairly homogeneous and of variable electron density often clearly greater than that of the extracytoplasmic material (Pl. 3, figs. 8, 10). Although the dimensions of the membrane limiting the peripheral formations were of the same order as those of the cytoplasmic membrane, the electron density of the outer two layers was often far greater in the case of the peripheral formations (e.g. P1.3, figs. 10, 13,18) .
While most cells showed only one or a few peripheral formations, some cells contained rows of them closely arranged for considerable lengths along the bacteria (Pl. 3, figs. 13, 14, 17). I n some cases, in cells sectioned tangentially (Pl. 3, fig. 16 ), up to ten of these bodies were found grouped together. On occasion peripheral formations appeared to be associated with the region of constriction formed in the process of cell division (Pl. 4, fig. 19 and probably also P1. 3, fig. 16 ).
The frequency of occurrence of the peripheral formations seemed to vary considerably from culture to culture.
Cytoplasm and nucleoplasm. The general appearance of the structures contained within the cytoplasmic membrane was similar to that described for other bacteria (Pl. 1, fig. 1 ). Two components were observed: a granular electron dense component (cytoplasm), and a less dense component (nucleoplasm) consisting of filaments embedded in a homogeneous electron transparent material. There seemed to be no definite pattern in the distribution of these two components. They were either intimately mixed, or the denser component had a peripheral distribution with one or a few small clumps appearing in the central, clearer region.
I n osmium-fixed cells the cytoplasm comprised a coarser, denser, material consisting of granules 100-150 A. in diameter, not sharply outlined and presumably corresponding to ribosomes, and a finer component either intermixed with the former or forming clumps within the nucleoplasm (Pl. 1, fig. 1 ). At higher magnifications and after staining with uranyl acetate, many of the denser granules showed evidence of substructure (Pl. 4, fig. 20 ). They often appeared to consist of two dense subunits 80-90 8. long, separated by a lighter space. The random orientation of these pairs of subunits in the field indicated that they were not the result of astigmatism. They might correspond to the subunits of bacterial ribosomes (see electron microscopic observations of Huxley & Zubay, 1960) or to parts of the ribosomes specifically revealed by our method of fixation and staining. I n permanganate-fixed cells the cytoplasm appeared more uniformly granular and coarser, particularly in the preparations fixed with permanganate in distilled water (Pl. 2, figs. 2, 3, 4). The filaments of the nucleoplasm had the appearance seen in other bacteria. They were usually arranged at random, while at times they appeared to form 'whorls' (Pl. 2, figs. 2, 3). They measured about 20 A. in diameter as estimated in photographs with the best resolution obtainable. Their appearance was as well defined in cells fixed with osmium as in those fixed with Luft's permanganate solution, thus confirming that the latter, followed by treatment with uranyl acetate, is a suitable fixative for bacterial DNA.
Except for peripheral formations, no other structures were normally present in the ground cytoplasm of brucellas. In a few cells of one culture, however, some membranous elements were noted (Pl. 4, fig. 21 ). These were larger than the peripheral formations and did not seem to be related to the plasma membrane. Such structures recall those described by Car0 (1961) in Escherichia coli. The cells of some cultures, moreover, contained at times a rounded extremely dense body (about 500-SO0 8. in diameter) which was often localized close to a cluster of peripheral formations and appeared very similar to the polyphosphate granules described in other bacteria.
CeZZ division. Several dividing cells were seen (Pl. 4, fig. 19 ). Cell division appeared to occur by a process of progressive constriction of the central region of an elongated cell involving both cell wall and cytoplasmic membrane, without any evidence of septum formation. There was no characteristic redistribution of the cell contents during this process. Continuity of cytoplasmic and nucleoplasmic material was still observed in cells showing a marked region of constriction (Pl. 4, fig. 19 ). The process of cell division in brucellas is thus similar to that described by Conti & Gettner (1961) in Escherichia coli and is in agreement with the general mechanism of cell division common to all Gram-negative bacteria (Glauert, 1962).
DISCUSSION
The ultrastructural characters of BruceZZa abortus are similar to those of the other Gram-negative bacteria so far described. In particular its surface layers, comprising cell wall and cytoplasmic membrane, show features which are becoming recognized as common to all Gram-negative bacteria Ryter, Kellenberger, Birch-Anderson & Maalae, 1958; Glauert, 1962; Wyss, Neumann & Socolofsky, 1961) .
The general appearance and dimensions of the outer triple-layered component of the cell wall and of the cytoplasmic membrane are closely similar, especially in preparations fixed with permanganate and subsequently treated with uranyl acetate. According to some authors (Brown, Drummond & North, 1962 Our results with Brucella abortus although compatible with a common structural organization of the outer cell wall component and of the cytoplasmic membrane suggest that the two are not identical; thus the outer cell wall component in osmiumfixed cells appears much more wavy and somewhat thicker than the plasma membrane (in spite of a certain variability in its absolute dimensions in different cells); moreover, the cell wall is always better preserved than the plasma membrane. In fact, while the outer cell wall component is clearly visible in practically all the cells, some brucellas in the same sections show well-defined plasma membranes, others only faintly discernible ones and still others no apparent plasma membranes a t all. It is interesting to note in this connexion that Robertson (1959) reported a certain variability in the degree of preservation of the triple-layered nature of cell membranes in higher organisms.
Is the intermediate, less dense layer of the envelope of Brucella abortus, a real entity or an artifact? Although the true dimensions of this layer may be greatly modified by the preparative procedure, we believe that a space between the outer component of the cell wall and the plasma membrane is also present in vivo, because this region is usually occupied by homogeneous electron dense material (Pl. 2, figs. 2, 3 ) which retains its dense and homogeneous texture even in cells which show considerable 'retraction' of the cytoplasm from the surface of the cell (usually a t one pole of the cell). Much cytoplasmic 'retraction' in a marine pseudomonad undergoing transformation into spheroplasts was observed by Brown et al. (1962) who considered the extracytoplasmic material indistinguishable from the cytoplasm.
Our results indicate that the extra-cytoplasmic material, being more homogeneous and less electron dense, is clearly distinguishable morphologically from the cyto- Membranous structures of varying degrees of complexity have been observed in almost all bacteria examined in thin sections. The peripheral formations found in brucellas, consisting of a simple vacuole limited by a single triple-layered membrane, appear simpler than those described in the majority of bacteria, and are characteristically aggregated in clusters in some regions of the cytoplasmic membrane. Structures of a simple type, fairly similar to those associated with the plasma membrane in Brucella abortus, have been described in Axotobacter vinelandii (Wyss et al. 1961 ), Staphylococcus aureus (Suganuma, 1961) and Spirillum serpens (Chapman & Kroll, 1957) . In some cases evidence was presented that these structures arise by true invagination of the plasma membrane (e.g. Fitz-James, 1960; Wyss et al. 1961; Suganuma, 1961) . In the case of brucellas it was not possible to reach a definite conclusion on this point. All the electron microscopic images of peripheral formations are compatible with the assumption that they always lie in contact with the plasma membrane. The closed formations can also be interpreted as in contact with the plasma membrane, but sectioned in a parallel plane (as shown schematically in Fig, le-e' and f-f') . Their dimensions are of the same order as the thickness of the thin sections; thus they often occupy only part of the thickness of the section, and so, as shown schematically in Fig. 1 , different electron microscopic images may be obtained depending on the orientation and position of the peripheral formations with respect to the plane of the thin section. Images which could be interpreted as true invaginations of the plasma membrane (corresponding to Fig. lb-b' and possibly a d ' ) were observed only in a few cases (Pl. 3, fig. 9 ) . On the contrary in most micrographs the plasma membrane appeared clearly continuous across the open ends of the peripheral formations; in these cases the layers limiting the open formations did not cross the plasma membrane and, in particular, the inner one did not show continuity with the outer layer of the plasma membrane. Images like the latter are hardly compatible with the existence of true invaginations (Fig. 1 c-c', d-d') . Thus the question remains unanswered. It cannot be excluded that the two contradictory appearances are due to some artifact. In any case the membrane limiting these bodies, although similar in dimensions to the adjacent plasma membrane, can be clearly distinguished from it both because it is usually more heavily stained (and sometimes granular), well preserved, and clearly outlined even in cells where the plasma membrane is hardly or not at all visible. The above facts suggest that the formations, although possibly derived from the plasma membrane, are structurally and perhaps functionally distinct from it.
As regards the significance of the peripheral formations, we consider it unlikely that they may correspond to pinocytic vesicles (as suggested by Suganuma (1961) for the small 'caveolae' in Staphylococcus aureus), both because we found no evidence of their detachment from the plasma membrane and because they differ in appearance from the pinocytic vacuoles of higher cells. They could correspond to sites for the synthesis of cell wall material (as suggested by Glauert, Brieger &, Allen (1961) for the 'membranous pockets' found in Bacillus subtilis), an interpretation which could explain the presence of peripheral formations in the region of constriction occurring during cell division. Alternatively they could be interpreted as primitive mitochondria Shinohara, Fukushi & Suzuki, 1957) . In either case the simple formations observed in Brucella ubortus may correspond to the more complex 'peripheral bodies' seen in other bacteria. Other interpretations cannot, however, beruledout and no conclusions can be drawn merely on the basis of our morphological observations.
As mentioned previously, no morphological differences were observed between S and R Brucella abortus in parallel studies. In particular no evidence was collected for the existence of capsules in S types. Capsules surrounding virulent (i.e. S) brucellas have been described by Huddleson (1940) , Mickle (1940) and others using optical methods. Their appearance, however, has remained a matter of dispute (see, for example, Huddleson, 1941) . The very thick capsules of relatively low electron density, seen to surround brucellas by earlier electron microscopists (e.g. von Borries, Ruska & Ruska, 1938; Lembke, Kornlein & Frahm, 1950; Malfatti & Ithurralde, 1951) may well have been due to experimental artifacts. Their observations were made, in fact, on whole exsiccated bacteria lying on supporting films. Our own study on thin sections of the organisms provides no evidence for the existence of capsules or of any material external to the cell wall.
We found no evidence to support the notion that variation from S to R might be associated with morphological changes in surface structures. Similarly, negative results have been reported by Scanga (1958) in his study of Salmonella variants. It seems reasonable to suppose that these surface changes do not induce morphological modifications detectable with the electron microscope.
The only possible difference noted between S and R strains consisted in the presence of quite extensive areas of contact between two or more cells in R colonies, while no such contacts could be demonstrated in S colonies. In spite of the caution necessary to evaluate a negative result, also on account of the variability in the incidence of the contacts in the R colonies, we believe that these contacts may represent a differential feature between S and R variants. Their presence or absence probably depends on differences in the surface properties of S and R strains and may in turn be responsible for the ready disintegration of S colonies during fixation, not observed with the R forms (see Methods), and possibly also for the 'rough' versus ' smooth ' appearance of the colonies themselves.
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Grateful acknowledgement is also made to Dr Ann Heuer for helpful criticism of this manuscript. Fig. 2 . Brucella abortus, strain SA-s fixed in potassium permanganate buffered according to Luft. With this fixative the outer cell wall layer is less clearly defined than in cells treated with the other fixatives. Note the wide inner cell wall layer composed of homogeneously dense material. x 60,000. Fig. 3 . B. abortus, strain SA-R fixed as in Fig. 2. x 60,000. Figs. 4-7 show details of the external layers of B. abortus. Fig. 4 . B. abortus, strain SA-s fixed in potassium permanganate in distilled water. x 120,000. Fig. 5 . B. abortus, strain SA-R fixed according to Kellenberger et al. x 120,000. Fig. 6 . B. abortus, strain SA-s fixed as in Fig. 5. x 120,000 . Fig. 7 . B. abortus, strain SA-s fixed as in Fig. 5. x 120,000.
PLATE 2

P L A T E 3
Figs. 8-18 show examples of peripheral formations. Fixation according to Kellenberger et al. In many of the sections the cytoplasmic membrane appears continuous across the open ends of the formations; the latter are generally more heavily stained than the adjacent cytoplasmic membrane. Fig. 8 . B. abortus, strain SA-S. x 120,000. Fig. 9 . B. abortus, strain SA-S. In this micrograph a peripheral formation (arrow) may be interpreted as an invagination of the cytoplasmic membrane. x 120,000. Fig. 10 . B. abortus, strain SA-S. The membranes of the peripheral formations in this cell have a granular appearance. The material inclosed in one of them appears markedly denser than the adjacent cell wall. x 120,000. fig. 11 . B. abortus, strain SA-8. x 120,000. Fig. 12 . B. abortus, strain SA-S. x 120,000. Fig. 13 . B. abortus, strain SA-R. Several peripheral formations are grouped together in one region of the cell. x 120,000. Fig. 14. B . abortus, strain SA-R. Row of closed peripheral formations probably cut tangentially to the cell surface. x 120,000. Fig. 15 . B. abortus, strain SA-R. x 137,000. Fig. 16 . B. abortus, strain SA-S. Several peripheral formations are grouped together in a region of constriction of a cell which is probably undergoing division. Section cut tangentially to the surface of the bacterium. The dense round body is an artifact. x 137,000. Fig. 17 . B. abortus, strain SA-R. The membranes of the peripheral formations are more heavily stained than the less distinct adjacent cytoplasmic membrane. x 120,000. Fig. 18 . B. abortus, strain SA-ft. Group of peripheral formations of which one is particularly heavily outlined; the open ends of this formation are clearly seen to terminate on the inner layer of the cytoplasmic membrane. x 200,000. PLATE 4 Fig. 19 . B. abortus, strain SA-s undergoing division. Note the continuity of the nucIeoplasm in the region of cell constriction. Two peripheral formations are also present in this region. x 60,000. Fig. 20 . Detail of B. abortus, strain SA-R, showing the substructure of the granular particles of the cytoplasm (ribosomes). As a rule these particles appear to be composed of two subunits. Fixation according to Kellenberger et al. x 240, 000. 
